Introduction
============

Notoriously, the conventional orthodontic treatment with stainless appliances [@JR_1] is related to reduce patient\'s ability to maintain oral hygiene increasing the risk of periodontal disease via accumulation of microbial plaque. [@JR_2] [@JR_3] [@JR_4] Plaque-embedded microorganisms activate several genes involved in virulence factors [@JR_5] [@JR_6] reducing susceptibility to detergents or antibiotics as well as to host-mediated immune defenses. [@JR_7] [@JR_8] [@JR_9] [@JR_10]

Recently, clear aligners use in dentistry allows the gradual move of teeth into an ideal position (computerized technology), minimizing microbial risk, [@JR_11] [@JR_12] dental trauma, and apical resorptions. [@JR_4] The orthodontic protocol includes 20/24 hours aligners use, removal during meals or sugar containing drinking beverages, followed by tooth and device brushing before re-wearing. [@JR_11] [@JR_12] A helpful method to visualize microbial and device-associated plaque is through the use of disclosing agents, which stain microbial pellicle. [@JR_13] [@BR_14]

Cupral (a copper--calcium--hydroxide based compound) is a dental paste clinically used in periodontal infections, being endowed with antimicrobial activity. [@JR_15] [@JR_16] Moreover, recent clinical experience demonstrates that Cupral efficiently counteracts endodontic infections. [@JR_17] [@JR_18] Yet, its mechanisms of action have not been investigated; neither data exist on Cupral use in other dentistry fields.

The purpose of this pilot study was to investigate the ability of Cupral to remove microbial plaque, naturally produced onto orthodontic aligners. Briefly, clear aligners, regularly used by a healthy volunteer undergoing standard orthodontic therapy, were exposed or not to Cupral and assessed for total and residual microbial population, by quali-quantitative analysis.

Case Report
===========

A healthy volunteer (female, 32-year old) undergoing orthodontic treatment for 12 months with thermoplastic clear aligners was enrolled. She started treatment on December 2017 using the Nuvola (Rome, Italy) system, that included 8 months of active treatment (replacing the aligners every 2 weeks) and 4 months of stabilization period (replacing the aligners every 2 months), the latter known as limited retention before the fixed retention applied from the clinical orthodontist. The volunteer was informed about the nature of the study, performed on individual basis, that did not directly involve her as a patient, but only the used aligners at the time of their disposal. She was asked to provide the upper and lower aligners pieces, on winter and summer months of 2018. In particular, at the times when the aligners had to be replaced with new pairs, the used ones were carefully removed from the mouth using sterile gloves and inserted in a bottle with sterile physiological saline solution (200 mL); then, the bottle was delivered to the Microbiology Laboratory for microbiological analysis. Totally, six couples (upper and lower) of 2-weeks-used aligners were provided, focusing on winter and summer months (January--March and June--August).

Cupral
------

We used a commercially available compound (HUMANCHEMIE GmbH; Alfeld, Germany), containing highly dispersed calcium and copper hydroxide. A starting solution of Cupral was prepared by diluting 1 g of compound in 4 mL of distilled water (weight/volume 25%) sterilized by autoclave, and stored at 4°C prior to be used in the study. Operationally, Cupral's solution was diluted in culture medium or microbial cultures up to the final working conditions (1.25%).

Confocal Microscopy on Cupral-Treated and Untreated Aligners
------------------------------------------------------------

The aligners were washed with phosphate-buffered saline (PBS) at room temperature and then treated for 30 to 60 seconds with plaque disclosing tablets (MGS GAP Research Co, Ltd, Northfleet, Kent, United Kingdom) containing erythrosine red, to stain microbial plaque. Then, the aligners were further washed and brushed using running water, to mimic the daily hygiene practice. After this step, the upper and lower aligner were split in two equal pieces (right and left), transferred in two different bottles and processed in parallel; the right half upper and lower aligners were maintained in saline buffer (control group), while the left half upper and lower aligners were treated with Cupral 1.25% (treated group), the procedure was done for 1 hour at room temperature. Finally, all the pieces were brushed again, processed using standard procedures and analyzed by transmitted illumination confocal microscopy (Nikon LV 150 Confovis Microscope, Japan).

Microbiological Analysis on Clear Aligners Exposed or Not to Cupral
-------------------------------------------------------------------

The procedure is detailed in [Fig. 1](#FI125-1){ref-type="fig"} . The clear aligners were split in two equal parts and inserted in two sterile bottles, one containing saline buffer and the other Cupral 1.25%. After an hour at room temperature, both bottles were sonicated at 3500HZ for 15 minutes to disaggregate microbial plaque. Then, the suspension was seeded uniformly onto two series of tryptic soy agar (TSA; Oxoid,Milan, Italy) and Sabouraud (SAB) plates (100 μL/plate in triplicates), to assess total bacterial and fungal load, by colony-forming unit (CFU) assay. Two sets of TSA and SAB plates were prepared to assess microbial growth in aerobiosis and anaerobiosis conditions. Following 24 hours of incubation at 37°C, the number of colonies/plate were counted and the results were expressed as mean of CFUx10 ^7^ /aligner.

![Flowchart of the microbiological analysis performed on clear aligners. Two-weeks-used clear aligners (upper and lower) were split in two equal parts. A part was maintained in saline buffer ( **A** ), while the other was exposed to Cupral 1.25% ( **B** ); both groups were incubated for 1 hour and sonicated for 15 minutes. The supernatants were harvested, diluted, and plated on TSA and SAB plates; each set of plates was incubated, under aerobiosis or anaerobiosis conditions, for 24 hours. Total and residual microbial loads were evaluated by colony-forming unit analysis; each group was tested in triplicate plates.](10-1055-s-0039-1695653_00125_01){#FI125-1}

According to macroscopic aspect, namely color, morphology and size, the colonies were clustered and counted. Then, to identify the isolates, representative colonies from each typology were subcultured in Columbia agar plates (OXOID; Milan, Italy); the growing colonies were then Gram stained, observed by optical microscope and identified by matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS, Biomerieux, France).

Optical Microscopy of the Isolated Colonies
-------------------------------------------

Representative colonies, isolated after 24 hours incubation in TSA or SAB, were observed and photographed by inverted light microscope (Nikon Eclipse TS 100, Japan).

Results
=======

Cupral Effects on Microbial Plaque Produced onto Clear Aligners: Confocal Analysis
----------------------------------------------------------------------------------

To investigate the structure of biofilm produced on the aligners, we performed a topographic analysis (three-dimensional \[3D\] mapping) by transmitted-illumination confocal microscopy, before and after Cupral treatment. [Figure 2](#FI125-2){ref-type="fig"} (upper panel) shows the overall architecture of biofilm on untreated aligner; microbial plaque and polysaccharide matrix were easily detectable (A). To evaluate biofilm thickness, a 3D reconstruction of biofilm structure was obtained from the same capture, by means of a mathematical linearization of the sample ( **B** ); according to the chromatic scale ( **C** ), the plaque thickness in the untreated device varied from 4.5 to 8 µm, as indicated by the yellow, red, and white colors. The lower panel shows an image from Cupral-treated aligner (1 hour with 1.25%); only a scant 3D structure with minimal polysaccharide matrix was detected on the surface of the device ( **A** ). Furthermore, the 3D reconstruction ( **B** ) indicated the predominance of peaks chromatically quite uniform (mostly green and yellow colors), indicating a reduced thickness that, based on the reference scale ( **C** ), was around 1 to 1.5 μm, in several areas.

![Confocal microscopy of microbial plaque on orthodontic clear aligner. *The upper panel* shows a representative image of the untreated clear aligner; an abundant microbial biofilm is observed ( **A** ), as confirmed by the three-dimensional (3D) reconstruction of the same capture ( **B** ), according to the thickness scale ( **C** ). *The lower panel* shows a representative image of the Cupral-treated aligner; the device surface with minimal residual cells is observed ( **A** ), as confirmed by the 3D reconstruction of the same capture ( **B** ), according to the thickness scale ( **C** ).](10-1055-s-0039-1695653_00125_02){#FI125-2}

Cupral Effects on Clear Aligners-Associated Microbial Load: CFU Evaluation and MALDI-TOF Identification
-------------------------------------------------------------------------------------------------------

Microbial load was quantified in clear aligners, used for 2 weeks, during winter [Fig. 3](#FI125-3){ref-type="fig"} and summer months [Fig. 4](#FI125-4){ref-type="fig"} . In particular, [Figure 3A](#FI125-3){ref-type="fig"} indicates the total (untreated aligners) and residual (Cupral treated aligners) microbial load, using TSA and SAB medium in aerobiosis and anaerobiosis conditions. The colonies obtained in TSA ranged around 200 to 400 CFUx10 ^7^ /aligner in both conditions. In contrast, no microbial growth was detected in SAB plates in aerobiosis condition, while only few colonies were counted in anaerobiosis condition. Following Cupral treatment, no residual microbial load was ever observed, at any of the conditions tested. [Figure 3B](#FI125-3){ref-type="fig"} depicts the isolated species, expressed in percent with respect to the total number of colonies. While no growth occurred in SAB under aerobiosis conditions, few colonies were detected in anaerobiosis and were identified as *Rothia aeria* and *Streptococcus sanguinis* . As detailed in [Fig. 3B](#FI125-3){ref-type="fig"} , S *treptococcus mitis/oralis* was the most common isolated species in TSA, both under aerobiosis and anaerobiosis conditions (71% and 63%, respectively).

![TSA Total and residual microbial load detected on winter months. The clear aligners were exposed or not to Cupral 1.25%. The colonies isolated after incubation in TSA or SAB medium were counted and clustered. The upper table shows the total and residual microbial load expressed as colony-forming units/aligners. The values represent the mean of three independent analyses, where each sample had been assessed in triplicate. The standard errors, less than 10%, are omitted. The lower pie graphs represent the percent of species detected in aerobiosis and anaerobiosis conditions. **n.d.:** not detected.](10-1055-s-0039-1695653_00125_03){#FI125-3}

![Total and residual microbial load detected on summer months. The clear aligners were exposed or not to Cupral 1.25%. The colonies isolated after incubation in SAB medium were counted and clustered. The upper table shows the total and residual microbial load expressed as colony-forming units/aligners. The values represent the mean of three independent analyses, where each sample had been assessed in triplicate. The standard errors, less than 10%, are omitted. The lower pie graphs represent the percent of species detected in aerobiosis and anaerobiosis conditions. **n.d.:** not detected.](10-1055-s-0039-1695653_00125_04){#FI125-4}

[Figure 4A](#FI125-4){ref-type="fig"} shows the data obtained analyzing the aligners during summer times. The CFU/aligner in TSA ranged around 160 to 210 CFU x 10 ^7^ /aligner, while in SAB, the CFU values varied from 1.5 to 23 CFU x 10 ^7^ /aligner, in both conditions. Also, in this case, following Cupral treatment, no residual microbial load was ever observed, at any of the conditions tested. [Figure 4B](#FI125-4){ref-type="fig"} displays the isolated species, expressed in percent, with respect to the total number of colonies. Here, once again *Streptococcus mitis/oralis* was found as the most abundant isolated species (96% of colonies in TSA aerobiosis and 84% in TSA anaerobiosis, 99% in SAB aerobiosis and 100% in SAB anaerobiosis).

According to morphology, color and size, the isolated species were clustered in six different types of colonies, as depicted in [Fig. 5](#FI125-5){ref-type="fig"} . In particular, the colonies grown on aligners used during winter months included Gram-negative coccobacilli and diplococci, Gram-positive cocci and streptococci. On aligners used during summer months, we observed a similar trend with the most representative isolates being Gram-positive streptococci. By MALDI-TOF analysis, they were identified as *H. parainfluenzae* , *N. mucosa/sicca* , *S. aureus* , *S. mitis/oralis* , *S. sanguinis* , and *R. aeria* .

![Morphological peculiarities of the isolated colonies observed by inverted light microscope. Images (10x magnification) of the most representative colonies in TSA or SAB medium: ( **A** ) translucent white, coccobacilli Gram- ( *Haemophilus parainfluenzae* ); ( **B** ) wrinkled large yellow, diplococci Gram- ( *Neisseria mucosa/sicca* ); ( **C** ) large white, cocci Gram+ ( *Staphylococcus aureus* ); ( **D** ) small white, streptococci Gram+ ( *Streptococcus mitis/oralis* ); ( **E** ) irregular margins, streptococci Gram+ ( *Streptococcus sanguinis* ); ( **F** ) large beige, cocci Gram+ ( *Rothia aeria* ).](10-1055-s-0039-1695653_00125_05){#FI125-5}

Discussion
==========

Here, we show that clear aligners, regularly worn for \~2 weeks by a healthy subject, are abundantly contaminated by different bacterial species, with total microbial load ranging around 10 ^9^ per device. As predictable, microbial biofilm is naturally produced onto clear aligners; despite daily washing and brushing, the presence of microbial plaque is easily detectable by staining with plaque disclosing tablets (data not shown). According to culture-dependent analysis, Gram staining/morphology, and MALDI-TOF identification of the isolates, several bacterial species have been obtained, including *Haemophilus parainfluenzae, N. mucosa/sicca, S. aureus, S. mitis/oralis* , *S. sanguinis* , and *R. aeria* . In contrast, no cultivable fungal isolates have been detected, although SAB has been used as a fungi-preferential medium. Unexpectedly, under anaerobic conditions, SAB returns colonies belonging to the *Streptococcus* genus; likely, as facultative anaerobic species, streptococci easily grow in such conditions, because of the large amount of dextrose present in such medium, as an important element for their cellular metabolism.

It is well known that in orthodontic treatment, not only the active period but also the retention time is important because the extended periodontium must be stabilized. [@JR_19] In our study, irrespective of the season time, *Streptococcus mitis/oralis* happens to be the most representative species on aligners. These findings are in line with an extensive literature [@JR_20] [@JR_21] describing such species as commonly found in oral cavity, among the early colonizers of mucosa and dental surfaces.

In our hands, slight winter--summer variations occur. In particular, about one log reduction is observed in terms of total microbial load/aligner, when using TSA in aerobiosis conditions during summer months in comparison with winter months. Nevertheless, it is worth noting that *S. aureus* , *H. parainfluenzae,* and *N. mucosa/sicca* are vice-versa more abundant on January--March sampling (10 ^8^ CFU and 10 ^7^ CFU/aligners on winter and summer season, respectively). This result may be explained considering that such microorganisms are, indeed, easily found in the upper respiratory tract (including oral cavity) during winter season. When considering summer season, *S. mitis/oralis* represents the most detectable microbial species within the device-associated bacterial plaque. Overall, the relative homogeneity in terms of microbial population observed during the 1-year analysis argues on a good and regular hygiene of the oral cavity and excludes a major impact of seasonal climate on aligners colonization.

Recently, we provided in vitro evidence on the efficacy of Cupral as antimicrobial compound, being effective both against planktonic and biofilm communities. [@JR_16] Moreover, clinical evidence exists on the successful treatment of periodontal disease patients by Cupral. [@JR_17] [@JR_18] Here, we show that Cupral can be successfully employed to perform aligners hygiene; microbial contamination is totally removed, even when Cupral is diluted up to 1.25%. As shown by CFU assay, no residual viable cells have ever been detectable upon Cupral treatment of the aligners. Moreover, confocal data document the abundant presence of a biofilm on aligner's surface, where microbial cells aggregate in a tridimensional architecture of irregular peaks. Interestingly, Cupral profoundly affects such biofilm; the 3D construction indicates residual material, related to debris and dead cells according to the fact that no growth has ever been obtained by the CFU assay. It is well known that not only oral hygiene but also the chemical composition of the aligners plays an important role in conditioning microbial adhesion on the devices and, in turn, persistence in the oral cavity; indeed, microcracks, abraded areas, and localized hard deposits are often visible, likely facilitating microbial establishment and long-term maintenance. [@JR_22] To our knowledge, this is the first evidence describing a novel usage of Cupral, as a promising tool capable of eliminating aligner-associated microbial contamination. Such present data encourage clinical studies to establish whether the regular use of Cupral for clear aligners disinfection may allow amelioration of gingival health and integrity during orthodontic treatment.

Conclusion
==========

Cupral, a copper--calcium--hydroxide-based compound, exerts potent effects against microbial plaque, naturally occurring on clear aligners; tridimensional biofilm structure appears profoundly affected as well as no bacterial growth ever occurs following exposure to Cupral. While expanding the knowledge on Cupral antimicrobial activity, our data open to its use as a novel tool for clear aligners daily hygiene.
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